Arsenic (As) and chlorine (Cl) were co-doped to CH 3 NH 3 PbI 3 perovskite solar cells, and the photovoltaic properties were investigated. AsI 3 and NH 4 Cl were added to perovskite precursor solution, which were deposited on mesoporous TiO 2 by a spin-coating combining an air flow method. Current density-voltage characteristics and incident photon-to-current conversion efficiencies were improved by the co-doping of As and Cl to the perovskite phase, which also indicated an energy gap of 1.57 eV. X-ray diffraction showed suppression of PbI 2 formation by the AsI 3 addition. The structure analysis by scanning electron microscopy indicated formation of a homogeneous microstructure by adding AsI 3 with NH 4 Cl, which would result in the improvement of the photovoltaic properties.
Introduction
Since the discovery of application of CH 3 NH 3 PbI 3 compounds to solar cells [1] , various types of solar cells have been fabricated and characterized [2] [3] [4] [5] .
To improve the photovoltaic properties, halogen doping, such as chlorine (Cl) or bromine (Br) at the iodine (I) sites of the CH 3 NH 3 PbI 3 has been studied [6] [7] [8]. The doped Cl would lengthen the diffusion length of excitons, which resulted in the improvement of the efficiency [9] [10] .
Additionally, studies on elemental doping such as tin (Sn) [11] , antimony (Sb) [12] [13] , germanium (Ge) [14] [15] , thallium (Tl) [15] , or indium (In) [15] at the lead (Pb) sites have been carried out. Especially, the conversion efficiencies were improved by Sb-doping to the perovskite phase [12] [13] . To improve the photovoltaic properties, detailed searches on the metal and halogen doping at the Pb and I sites are needed. The purpose of the present work is to investigate a co-doping effect of arsenic (As) and Cl to CH 3 NH 3 PbI 3 perovskite solar cells. As a group 15 element, it would be expected to improve the photovoltaic properties as previously reported Sb doping to the CH 3 NH 3 PbI 3 [12] [14] . Cl is expected to increase the carrier diffusion length in the perovskite phase [9] [10] , and an improvement of the morphology of the perovskite films is also expected by adding NH 4 Cl [16] [17] .
Devices were fabricated by a spin-coating, and the photovoltaic properties and microstructures were investigated by light-induced current density-voltage (J-V) characteristics, incident photon-to-current conversion efficiency (IPCE), scanning electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDS), and X-ray diffraction (XRD).
Experimental Procedure
A schematic illustration of the fabrication process of the present TiO 2 / CH 3 NH 3 Pb(As)I 3 (Cl) photovoltaic cells is shown in Figure 1 . The details of the fabrication process are described in the reported papers [2] [12] [13] , except for AsI 3 addition. F-doped tin oxide (FTO) substrates were cleaned using an ultrasonic bath with acetone and methanol, and dried under nitrogen gas. 0.15 M and 0.30 M TiO 2 precursor solution was prepared from titanium diisopropoxide bis(acetylacetonate) (Sigma-Aldrich, Tokyo, Japan, 0.055 mL and 0.11 mL) with 1-butanol (1 mL), and the 0.15 M TiO 2 precursor solution was casted on the FTO substrate at 3000 rpm for 30 s, and heated at 125˚C for 5 min. Then, the 0.30 M TiO 2 precursor solution was casted on the TiO x layer at 3000 rpm for 30 s, and heated at 125˚C for 5 min. This casting process of 0.30 M solution was performed two times, and the TiO x was sintered at 500˚C for 30 min to form the compact TiO 2 layer. After that, a mesoporous TiO 2 layer was formed on the compact TiO 2 layer by spin-coating at 5000 rpm for 30 s. For the mesoporous TiO 2 layer, the TiO 2 paste was prepared with TiO 2 powder (Nippon Aerosil, Tokyo, Japan, P-25) with poly (ethylene glycol) (Nacalai Tesque, Kyoto, Japan, Table 1 .
The solution of CH 3 NH 3 Pb(As)I 3 (Cl) was then introduced into the TiO 2 mesopores by a spin-coating and an air flow method at 50˚C, and annealed at 100˚C for 15 min. Then, a hole transport layer (HTL) was prepared by spin-coating. . The IPCE of the cells were also investigated (Enli Technology, Kaohsiung, QE-R). The microstructures of the thin films were investigated by using an X-ray diffractometer (Bruker, Kanagawa, Japan, D2 PHASER) and a scanning electron microscope (Jeol, Tokyo, Japan, JSM-6010PLUS/LA) equipped with EDS.
Results and Discussion
The J-V characteristics of the TiO 2 /CH 3 NH 3 Pb(As)I 3 (Cl)/spiro-OMeTAD Figure 2 .
IPCE spectra of the CH 3 NH 3 Pb(As)I 3 (Cl) cells are shown in Figure 3 shown in Figure 4 (a), which indicates that the As addition suppressed the formation of PbI 2 . perovskite CH 3 NH 3 PbI 3 phase is dispersed homogeneously on the device surface. Table 4 shows a composition ratio of Pb, As, I, Cl and C:N calculated from the EDX spectrum. Basic compositions were calculated only on the Pb, As, I and Cl elements, and iodine is the highest percentage in these elements. To investigate the C:N ratio in the perovskite crystal, the C:N composition ratio was also calcu- The second mechanism is as follows: when a small amount of Cl was doped in the CH 3 NH 3 PbI 3 , diffusion length of excitons would be lengthened [9] [10], which results in the increase of the J SC values.
The third is as follows: by adding AsI 3 with NH 4 Cl to the CH 3 NH 3 PbI 3 , the homogeneous surface and interface were formed, which improved the photovoltaic properties, especially the FF values. In addition, the doping effects of As and Cl would also contribute the improvement of the J SC values. However, further studies are needed for the photovoltaic mechanism. 
Conclusion

